Background: Environmental exposures in early life appear to play an important role in the pathogenesis of childhood asthma, but the potentially modifiable exposures that lead to asthma remain uncertain. Objective: We sought to identify early-life environmental risk factors for childhood asthma in a birth cohort of high-risk inner-city children. Methods: We examined the relationship of prenatal and earlylife environmental factors to the occurrence of asthma at 7 years of age among 442 children. Results: Higher house dust concentrations of cockroach, mouse, and cat allergens in the first 3 years of life were associated with lower risk of asthma (for cockroach allergen: odds ratio per interquartile range increase in concentration, 0.55; 95% CI, 0.36-0.86; P < .01). House dust microbiome analysis using 16S ribosomal RNA sequencing identified 202 and 171 bacterial taxa that were significantly (false discovery rate < 0.05) more or less
Abbreviations used
FDR: False discovery rate URECA: Urban Environment and Childhood Asthma Study Asthma is the most common chronic disease of childhood 1 and is responsible for substantial morbidity and health care costs. Environmental exposures in early life appear to play an important role in the pathogenesis of childhood asthma, but more information is needed to identify specific exposures that could potentially be modified to prevent asthma. Childhood asthma is associated with sensitization to inhalant allergens, 2, 3 whereas the effect of early-life exposure to these allergens or their sources on asthma risk is unclear 3, 4 and might differ among allergens. 5 Children exposed to farm animals in the early postnatal period have a lower risk of allergies and asthma, 6 and a similar effect of early exposure to pets has been observed in some but not all studies. 7, 8 Increased early-life exposure to microbial products, such as bacterial endotoxin, appears to be associated with reduced susceptibility to atopic asthma in childhood. 9, 10 A recent study demonstrated that the gastrointestinal microbiome of 3-monthold children with wheezing and atopy at age 1 year differed from that of children with neither wheezing nor atopy. 11 Homes with pet dogs have a distinct microbiome, 12 and mice orally supplemented with house dust from homes with dogs are protected against ovalbumin-or cockroach allergen-mediated airway pathology. 13 Other potentially modifiable factors that might be linked to asthma risk include psychosocial stress, nutritional factors, and exposure to pollutants, such as tobacco smoke.
The Urban Environment and Childhood Asthma (URECA) study 14 was designed to investigate risk factors for asthma in a birth cohort of US high-risk inner-city children, a population with a high burden of asthma morbidity and a distinct environment. 15 In this cohort exposure to higher levels of cockroach, mouse, and cat allergen in the home in the first few months of life was associated with a lower risk of recurrent wheezing at 3 years of age, and the microbial composition of house dust in early life was related to the later development of wheezing and allergic sensitization. 16 In this report we examine exposures in the prenatal period and first 3 years of life, including allergens and microbes in house dust, as potential risk factors for asthma at age 7 years.
METHODS

Study design and participants
The URECA study is a birth cohort study initiated in 2005 in inner-city Baltimore, Boston, New York City, and St Louis.
14 Pregnant women aged 18 years or older were recruited with selection criteria, including a history of asthma, allergic rhinitis, or eczema, in the mother or father; for full entry criteria, see the Methods section in this article's Online Repository at www. jacionline.org). Informed consent was obtained from the women enrolled and, after birth, from the parent or legal guardian of the infant.
Data collection
Maternal questionnaires, including those on smoking, stress, and depression, were administered prenatally and annually after the child's birth. Postnatal child health questionnaires were administered to a parent every 3 months through age 7 years. Annual visits of the child and parent to the study center starting at 1 year of age included questionnaires, anthropomorphic measurements, and phlebotomy. Questionnaires included the Perceived Stress Scale, 17 the Edinburgh Postpartum Depression Scale, 18 and additional questionnaires to assess stress related to neighborhood factors, violence, and economic hardship. 19 Parent-reported colds were ascertained by means of telephone questionnaire every 3 months throughout the first 3 years of life, and the number of colds within each of the first 3 years was analyzed as a potential predictor of asthma at age 7 years.
Levels of allergen-specific IgE (ImmunoCAP; Phadia, Uppsala, Sweden) for milk, egg, peanut, and German cockroach were measured yearly until age 3 years and then at the ages of 5 and 7 years. Levels of specific IgE for dust mites, dog, cat, mouse, and Alternaria species were measured at 2, 3, 5, and 7 years of age. Skin prick testing was performed at 3 years of age and again at 5 and 7 years of age for 14 common aeroallergens (listed in the Methods section in this article's Online Repository). Aeroallergen sensitization was defined as a wheal of 3 mm or more larger than that elicited by the saline control on skin prick testing or a specific IgE level of 0.35 kU/L or greater.
At age 7 years, spirometry was performed in accordance with American Thoracic Society guidelines 20 and repeated after 4 inhalations of albuterol hydrofluoroalkane metered-dose inhaler (90 mg per inhalation). At a separate visit, methacholine challenge (details are provided in the Methods section in this article's Online Repository) was performed.
Home visits to collect environmental data and specimens began after birth, with visits 3 months after birth and in the second and third years of life that included house dust collection (details are provided in the Methods section in this article's Online Repository). Dust samples were assayed for allergenic proteins, including Bla g 1 (cockroach), Can f 1 (dog), Fel d 1 (cat), Der f 1 and Der p 1 (house dust mites), and Mus m 1 (mouse), by means of ELISA (Indoor Biotechnologies, Charlottesville, Va). Dust samples were also assayed for ergosterol, a fungal membrane lipid, by using gas chromatography-mass spectroscopy, and for endotoxin, a bacterial cell wall constituent, by using the recombinant factor C assay. When sufficient sample remained after allergen analysis, dust specimens collected at 3 months of age underwent culture-independent microbiome profiling using 16S rRNA sequencing (details are provided in the Methods section in this article's Online Repository). Airborne nicotine concentration, a surrogate for environmental tobacco smoke concentration, was measured with a passive diffusion filter exposed for 14 days. Indoor nitrogen dioxide concentration was measured during the same 14 days with a modified diffusion filter sampler (Ogawa Sampler; Ogawa & Company USA, Pompano Beach, Fla).
Primary outcome
The prespecified primary study outcome was asthma at age 7 years. Children were classified as having asthma at age 7 years if at least 1 of 3 conditions was met (see Table E1 in this article's Online Repository at www. jacionline.org): (1) a parent-reported physician's diagnosis of asthma between age 4 and 7 years combined with asthma symptoms or the use of asthma controller medication for 6 of the past 12 months; (2) a methacholine PC 20 value of 4 mg/mL or less or albuterol-induced FEV 1 reversibility of 10% or more combined with asthma symptoms or use of asthma controller medication for 6 of the past 12 months; or (3) report in the past 12 months of 2 or more wheezing episodes, 2 or more doctor's office visits for asthma/wheeze, 1 or more hospitalizations for asthma/wheeze, or use of controller medications for 6 of the past 12 months.
Statistical analysis
We used multiple imputation by chained equations 21, 22 to impute missing data (approximately 10%; details are provided in the Methods section in this article's Online Repository). An allergen exposure index was derived for Bla g 1, Mus m 1, Fel d 1, and Can f 1, the 4 allergens that were significantly or nearly significantly associated with the development of asthma, by summing the quartiles (0, 1, 2, or 3) of exposure levels for each allergen (potential range, 0-12; details are provided in the Methods section in this article's Online Repository).
Relationships of demographic, perinatal, and family factors to asthma at age 7 years were assessed by using logistic regression. The relationships of environmental exposures in early life to asthma at age 7 years were assessed by means of logistic regression, with adjustment for sex, race, maternal asthma, and (except for models of stress and depression as risk factors) maternal Perceived Stress Scale score. Allergen and other environmental measurement data were log-transformed before analysis.
Microbiota data were analyzed in QIIME. 23 The relative abundance of bacterial operational taxonomic units in house dust at 3 months of age was compared between the homes of children who did and did not later have asthma by using 3 models (Poisson, negative binomial, and zero-inflated negative binomial regression models) and the Bayesian information criterion to determine the most appropriate model for each specific operational taxonomic unit. 24 Benjamini-Hochberg false discovery correction was used, and a corrected P value of less than .05 was considered significant.
RESULTS
Participants' characteristics
Between February 2005 and March 2007, 1850 families were screened, 776 met eligibility criteria, and 560 newborns were enrolled at birth (see Fig E1 in this article's Online Repository at www.jacionline.org). Of those enrolled, 442 (79%) had outcome data to classify asthma status at age 7 years, and 130 (29%) of these children had asthma. Most children classified as having asthma met 2 or more of the criteria for this diagnosis (see Fig  E2 in this article's Online Repository at www.jacionline.org). Among children who underwent allergy testing at 6 or 7 years of age, 90 of 129 children with asthma and 179 of 307 children without asthma were sensitized to 1 or more aeroallergens (70% and 58%, respectively; P 5 .025; see Table E2 in this article's Online Repository at www.jacionline.org).
Family history, perinatal factors, early sensitization, and asthma
Children whose mothers reported having asthma were more likely to have asthma at age 7 years (odds ratio, 1.79; 95% CI, 1.18-2.74; P 5 .01; Table I ). Other demographic factors and perinatal history were not associated with asthma occurrence (Table I) . As expected, recurrent wheezing at 3 years of age was associated with asthma at age 7 years, although there was only partial concordance between these phenotypes (Table I) . Sensitization to more than 1 aeroallergen at age 2 and 3 years was significantly associated with the development of asthma (see Fig E3 in this article's Online Repository at www.jacionline.org).
Allergen exposure and asthma
For the aeroallergens Bla g 1, Mus m 1, and Fel d 1, higher allergen concentrations in house dust summed over those of the specimens collected at 3 months, 2 years, and 3 years of age (defined as the cumulative allergen concentration) was associated with lower risk of asthma at age 7 years, with odds ratios of 0.55 (95% CI, 0.36-0.86; P < .01), 0.68 (95% CI, 0.49-0.94; P 5 .02), and 0.71 (95% CI, 0.51-1.00; P 5 .05), respectively, for a cumulative allergen concentration higher by 1 interquartile range (Table II) . A nonsignificant association in the same direction was observed for the dust concentration of Can f 1. Higher levels of these 4 allergens at 3 months of age, as quantified by the allergen exposure index, was associated with significantly lower risk of asthma, with the odds ratio per 1 interquartile range higher allergen exposure index of 0.59 (95% CI, 0.44-0.80; P < .001). The association of higher allergen exposure index at age 3 months with lower risk of asthma was observed among all participants (P 5 .008; Fig 1, A) and among both children sensitized (P 5 .02) and not sensitized (P 5 .02) to 1 or more of these allergens at age 3 years (Fig 1, B) . Similar associations were observed for cumulative allergen exposure during the first 3 years of life (Fig 1, C and D, and Table II) . Odds ratio for child's birth weight represents the odds for a 1000-g higher birth weight. àOdds ratio for number of hours of day care represents the odds for 1 hour per week more day care. §Odds ratio for number of children in home represents the odds for each additional child in the home.
Microbial exposure and asthma
There was sufficient dust sample for microbiome profiling of 248 (56%) of the 442 children's homes. This subsample was similar to the remainder of the cohort, except for a slightly higher proportion with black race and a lower proportion with a paternal history of asthma (see Table E3 in this article's Online Repository at www.jacionline.org). Bacterial a-and b-diversity did not differ significantly between the homes of children who did or did not have asthma, nor did these diversity measures differ between the homes of the children who did or did not have atopy at age 7 years (see Fig E4 in Odds ratios are from a logistic regression model controlling for sex, race, maternal Perceived Stress Scale, and maternal asthma averaged across 8 imputed data sets and represent the odds for an interquartile increase in exposure. Can f 1 is an exception; because of a highly skewed distribution, the odds ratio for Can f 1 is for an increase from the 25th to the 85th percentile. àCumulative exposure is defined as the sum of allergen concentrations at age 3 months, 2 years, and 3 years. §Sum of exposures is calculated by combining cat, mouse, cockroach, and dog into a single index based on quartiles of exposure to individual allergens, resulting in a range of 0 to 12. Allergen exposures and asthma relationships between exposure to specific allergens and asthma. The probability of asthma at age 7 years was determined by using logistic regression according to the sum of exposure tertiles (cockroach, mouse, cat, and dog). A, Sum of the exposures in the first year of life. B, Same as Fig 1, A, stratified by aeroallergen sensitization at age 3 years (pink 5 sensitive, blue 5 not sensitive). C, Cumulative sum of exposures across years 1, 2, and 3. D, Same as Fig 1, C , stratified by aeroallergen sensitization at age 3 years. P values are from a logistic regression model testing a relationship between exposure levels and asthma and stratified by sensitization in Fig 1, B and D.
Exposure Index
at 7 years of age, 57% of these 473 taxa remained significantly (FDR < 0.05) associated with the development of asthma at age 7 years, and more than 90% of the taxa had a regression coefficient relating the abundance of the taxon to asthma outcome within 4% of the coefficient in the unadjusted analysis. Among those taxa most enriched in homes of children with asthma were potential pathogens, including Staphylococcus, Haemophilus (Pasturellaceae), Corynebacterium, and several Sphingomonas species members. In contrast, dust from the homes of children who did not have asthma was enriched in Kocuria (Micrococcaceae), Alloiococcus (Aerobacteriaceae), Bifidobacterium, and Acinetobacter (Moraxellaceae) species. Many of the bacterial taxa that differed significantly in abundance between the homes of children who did and did not have asthma also exhibited significant correlations with allergen concentrations (indicated by circles above bars in Fig 2) . Of the 373 taxa that differed significantly between the 2 groups of homes, 34.6% had significant positive or negative correlations between bacterial abundance and Bla g 1 concentrations compared with only 14.7% of 373 randomly selected other taxa matched for distribution of abundance value (P < .001). Similar relationships were seen for Mus m 1, Fel d 1, and Can f 1 (21.4% vs 6.2%, 34.3% vs 12.6%, and 45.0% vs 11.0%, respectively; P < .001 for all). We examined whether the association between higher house dust allergen concentration at age 3 months and lower risk of asthma at age 7 years might be mediated by the house dust microbiome. Mediation analysis was performed with the HIMA R package, 25 simultaneously assessing potential mediation by all 373 bacterial taxa that were present in differential abundance between the homes of children who did or did not have asthma. For cat, dog, and mouse allergens and the sum of exposure to these allergens plus cockroach allergen, we observed no evidence of statistically significant mediation. For cockroach allergen, we observed significant partial mediation by 2 bacterial taxa, Bifidobacterium and Brevundimonas species, which explained 13.4% (P 5.05) and 12.1% (P 5.02), respectively, of the association between higher cockroach allergen concentration and lower asthma risk. For these 2 bacterial taxa, higher abundance in house dust was associated with lower asthma risk.
Maternal smoking, stress, depression, and asthma
The umbilical cord plasma cotinine concentration was a significant predictor of asthma (adjusted odds ratio, 1.76 for an increase of 1 geometric SD in cotinine concentration; 95% CI, 1.00-3.09; P 5 .048), whereas reported maternal smoking (either prenatally or postnatally) and smoking by others in the home (assessed postnatally only) was not (Table III) . Maternal stress and depression in the first 3 years of life were significantly associated with the development of asthma at age 7 years (Table III) . For example, maternal depression score at age 3 years was significantly associated with asthma at age 7 years (adjusted odds ratio, 1.05 for each 1-unit increase in Edinburgh Postpartum Depression Score [range, 0-30]; 95% CI, 1.02-1.09; P < .01).
Other exposures and asthma
Indoor air nitrogen dioxide concentration and house dust concentrations of ergosterol and endotoxin were not associated with the development of asthma (Table III) . The number of colds in the second and third years of life was associated with the development of asthma at age 7 years (Table III) .
DISCUSSION
The URECA study evaluated the home environments of highrisk children in 4 economically disadvantaged urban neighborhoods beginning in the prenatal period to identify potentially modifiable risk factors for childhood asthma. Higher exposure to cockroach, mouse, and cat allergens during infancy was associated with a lower risk of asthma at age 7 years. The bacterial microbiota in house dust in the first year of life differed between the homes of children who did and did not have asthma, and a majority of the bacterial taxa positively or negatively associated with asthma risk were also correlated with concentrations of the indoor allergens associated with asthma risk. In addition, umbilical cord plasma cotinine concentrations and maternal stress and depression scores in early life were risk factors for asthma at age 7 years. Indoor nitrogen dioxide concentrations and house dust concentrations of the bacterial cell-wall constituent endotoxin and fungal membrane lipid ergosterol, which have been associated with asthma in some studies, were not associated with the development of asthma in this cohort.
These findings suggest that the early-life environment of children in the inner city might include exposures that increase asthma risk, such as prenatal tobacco smoke and maternal stress, *Values are counts (percentages), means 6 SDs, or medians (interquartile ranges) from raw nonimputed data. The exception is umbilical cord plasma cotinine concentration, which is expressed as geometric mean 6 geometric SD because of a highly skewed distribution with many values less than the detection limit. Odds ratios are from a logistic regression model controlling for sex, race, and maternal asthma averaged across 8 imputed data sets (n 5 442 for all). Model for number of colds is also controlled for maternal stress within each year. àOdds ratio is per increase of 1 geometric SD in cord plasma cotinine concentration. §Odds ratio is per unit increase in the maternal Perceived Stress Scale, which ranges from 0 to 4. kOdds ratio is per unit increase in the composite stress scale, as described in text, which ranges from 0 to 9. {Odds ratio per unit increase in the maternal Edinburgh Postpartum Depression Scale, which ranges from 0 to 30. #Before inclusion in the model, nitrogen dioxide, nicotine, ergosterol, and endotoxin values were log-transformed (base 10), and their estimates represent the odds for an interquartile increase in exposure.
and exposures that reduce risk, such as specific indoor allergens, bacteria, or bacterial products. Exposure to environments that are rich in allergens and microbes have been associated with low rates of asthma and other allergic diseases. 2, 26, 27 For example, the environment of Amish farms in the United States is associated with a lower prevalence of asthma and allergen sensitization than Hutterite farms, and house dust from the former setting has a higher endotoxin concentration and distinct microbiota compared with the latter. 28 Compared with other environments, inner cities are extensively paved and might have a paucity of outdoor exposures to animals, plants, and sources of microbes, such as soil and green space. In this setting indoor pests or pets might provide biologic signals that promote normal lung and immunologic development. These findings extend our earlier report that exposure to cockroach, mouse, and cat allergens in infancy is associated with a lower risk of recurrent wheezing through age 3 years, 16 although it is important to note that there is incomplete concordance between the phenotypes of recurrent wheezing at age 3 years and asthma at age 7 years, with 35% of the children with asthma at age 7 years not having had recurrent wheezing at age 3 years. Relationships of allergen exposure to wheezing or asthma could depend on the nature of the allergen exposure and the other environmental factors present in a specific environment; for example, exposure to dust mite in the URECA study was not associated with asthma risk, whereas in another US study early-life dust mite exposure was associated with increased asthma risk. 29 Also, in contrast to our findings for cat allergen in US inner cities, a pooled analysis of data from 11 European birth cohorts found no association between the presence of cats in the home during infancy and asthma at school age, although those studies did not include measured allergen concentrations. 8 One factor that might influence the association of higher earlylife allergen exposure and lower asthma risk is a home bacterial microbiota altered by the presence of pets and pests. A number of bacterial taxa differed in abundance in the homes of children who did and did not have asthma, and most of these taxa were also significantly associated with cockroach, mouse, or cat allergens. Previous studies have demonstrated that dogs alter the home microbiota 12, 30 and that microbes associated with dogs can reduce allergic airway inflammation and bronchial reactivity in mouse models. 13 The characteristics of allergen-associated bacterial taxa in the URECA study might offer clues relevant to primary prevention strategies. Members of the Kocuria genus, which was more abundant in the homes of children who did not have asthma, are known to produce kocurin, a potent macrolide with activity against Staphylococcus species.
31 Also more abundant in the homes of children that did not have asthma were Alloiococcus species, the presence of which in the nasal microbiota is associated with a lower frequency of childhood upper respiratory tract infection, 32 and Bifidobacterium and Acinetobacter, species of which protect against allergic sensitization in murine models. 33, 34 Bacterial taxa that were more abundant in the homes of children who had asthma included potential pathogens, such as Staphylococcus, Haemophilus (Pasturellaceae), Corynebacterium, and several Sphingomonas species members. In a Danish birth cohort colonization of the hypopharynx at age 1 month with Haemophilus influenzae was associated with increased risk of recurrent wheeze and asthma at age 5 years. 35 The observed associations between the abundance of specific bacterial taxa and asthma risk suggested that some of these associations might mediate the observed association of higher dust allergen concentrations with lower asthma risk. However, mediation analysis did not confirm such mediation, except in the case of cockroach allergen, for which 2 bacterial taxa, Bifidobacterium and Brevundimonas species, appeared to explain part of the inverse association between higher allergen concentration and lower asthma risk. Further research is needed to confirm and explore the potential mechanism of this observation.
The absence of significant differences in overall bacterial diversity in house dust between the homes of children who did or did not have asthma or atopy at age 7 years might suggest that specific bacterial taxa or communities have a greater effect on risk than overall diversity. Our earlier observation 16 that bacterial diversity was related to recurrent wheeze and atopy at age 3 years might reflect the difference of that phenotype from lateronset allergic sensitization by age 7 years; the use of 16S rRNA sequencing in this study, as opposed to a higher-resolution phylogenetic microarray in the earlier study; or the smaller number of subjects included in the earlier study.
Our findings confirm and extend previous studies linking prenatal smoke exposure and maternal stress and depression to childhood asthma. A meta-analysis of birth cohorts observed a modest association between questionnaire-reported prenatal smoking and asthma later in childhood. 36 Our finding that cord plasma cotinine levels predict asthma at age 7 years provides support for the role of prenatal smoking in the pathogenesis of asthma. Furthermore, the combination of maternal prenatal and postnatal stress has been associated with a higher risk of wheezing in early life. 37, 38 It is unknown whether these associations are due to direct physiologic effects, such as altered hypothalamic-pituitary function and corticosteroid responsiveness, or to maternal behavioral responses to these conditions in their children.
The strengths of this study include a definition of asthma based on observations of a physician's diagnosis, symptoms, medication use, and lung physiology. The multicenter design helps to establish findings that are generalizable to high-risk urban children; however, a limitation is that relationships with environmental factors identified in the URECA study might be specific to this population and might depend on the personal or environmental context, including specific allergies, lifestyle, or neighborhood factors. Although the associations of bacterial taxa in house dust with the development of asthma were adjusted for multiple comparisons, replication in other study populations will be needed when such data become available. We did not measure the gastrointestinal or airway microbiome in early childhood, and therefore we cannot evaluate the independent effects of the house dust, airway, and gastrointestinal microbiomes. Another important caveat is that the observed associations do not necessarily establish causation and that, despite the prospective and longitudinal design of the study, with environmental assessments beginning at 3 months of age, it is possible that a family's health and health-related behaviors led to long-term alterations of home allergens, microbiome, and maternal stress, rather than these factors influencing health outcomes.
Our findings suggest that primary prevention strategies for childhood asthma in low-income urban communities should probably not focus on home allergen reduction and that exposure to a broad variety of proteins in early life might have health benefits with respect to asthma. Interventions to reduce prenatal smoking and reduce maternal stress and depression during pregnancy and infancy might hold promise for asthma prevention.
Finally, our results in poor urban neighborhoods echo those in farming communities, suggesting that early-life microbial exposures are associated with the risk of childhood asthma, findings that might provide targets for strategies to prevent asthma.
Key messages
d Among urban children, higher indoor levels of pet-and pest-related allergens in infancy are associated with reduced risk of asthma at age 7 years.
d Maternal stress during infancy and prenatal maternal smoking are associated with increased asthma risk.
d The indoor bacterial microbiome in infancy also appears to be associated with asthma risk.
